Abstract Serine protease from kesinai leaves was purified for the first time by a surfactant-polymer aqueous micellar two-phase system. The effectiveness of different types and concentrations of non-ionic surfactants (Pluronic series and X-114) on the partitioning behaviour of the protease was evaluated. The results showed that the enzyme preferentially partitioned into the bottom surfactant-rich phase, while the hydrophilic amino acid preferred the top aqueous phase. This distribution of the enzyme is due to the hydrophobic interaction of the serine protease with the hydrophobic lid of the micelle core in the bottom phase. The influence of different types of salts (K 2 SO 4 , KH 2 PO 4 , KCl and KNO 3 ) on the purification and selectivity of the enzyme was determined. The protease partitioning in the bottom phase increased in the presence of KNO 3 , which confirmed that the salt was able to improve the protein solubility in bottom phase and increase the hydrophobic interaction between the two phases. In addition, the protease from the bottom phase was re-extracted to a new aqueous phase solution to remove and recycle the surfactant. Addition of potassium thiocyanate led to the partitioning of the enzyme in top aqueous phase due to high ionic strength of SCN -, which forced the lighter micellar phase toward the upper position of the system. A high purification factor (10.3) and yield of 92 % of the enzyme were achieved in a solution of 31 % of Pluronic L61 using 0.3 % KNO 3 and 50 % crude feedstock at pH 7.0.
Introduction
The leaf extract of kesinai (Streblus asper) contains a milkcoagulating protease that could be used for milk coagulation in the food industry as a potential substitute for animal rennet [1] . In addition, protease enzymes are of great importance due to their extensive biotechnological applications in the detergent, pharmaceutical, waste treatment, textile and paper industries [2] . Kesinai (S. asper) is a plant found in tropical and subtropical regions [3] . Various parts of the kesinai plant have been reported to have medicinal properties such as anti-gingivitis activity, an antidote for snake bites, antidysentery activity and wound healing. In addition, the leaves of kesinai are a rich source of proteolytic enzymes and thus a potential material for protease purification [4] . Currently, the conventional methods of purification such as precipitation, chromatography and electrophoresis are employed to isolate and purify proteases. These methods are multistep, discontinuous, and time and labour consuming. In addition, the protocols involved increase the cost of the final product by approximately 60-90 % and decrease the yield of the enzyme [5] .
Aqueous two-phase systems (ATPSs) have been widely employed for the separation, purification and concentration of biological molecules, such as enzymes, nucleic acids, cells and cell debris [6] . Compared to the traditional methods of purification, ATPSs have the more advantages of high biocompatibility, low biomolecule degradation, easy scaling up and performance in a mild environment [7] . The current typical ATPS method uses two polymers or one polymer and one salt which offers some disadvantages such as slow segregation, high cost of polymers and complications in the extraction of purified molecules from the polymer phase [8] .
The aqueous micellar two-phase system (AMTPS), which is also known as surfactant-mediated phase separation, is a more efficient method compared to the traditional ATPS for the recovery and purification of biomolecules [9] . There are particular properties that make AMTPS more attractive than conventional ATPS. One is the ability to choose the target biomolecules by preferential extraction into the bottom micelle-rich phase while simultaneously removing most of the protein contaminates to the micellarpoor top phase, due to excluded-volume interactions between the contaminates and micelles [10] . Therefore, AMTPS is able to increase affinity extraction, because the ligands would be incorporated in situ by micellar selfassembly, thus eliminating the need for time-consuming and expensive chemical synthesis [11] . The two-phase formation in AMTPS is induced when the temperature of the surfactant solution is shifted above a critical low-point, which is defined as the cloud-point temperature [12] . The homogenate solution of the surfactant becomes turbid and the macroscopic phase is separated when the temperature rises above the cloud-point [13] . The clouding phenomenon in the solution is reversible when the solution is cooled below the cloud-point temperature [14] . Affinity interactions between the proteins and surfactant are dependent on their surface hydrophobicity [12] , charge [15] and size [16] .
The recycling of the surfactant in the system subsequent to the purification process is one of the major advantages that make AMTPS more cost-effective [17] . Another advantage of this method is the use of only one auxiliary chemical to generate the two-phase system which also decreases the cost of the system especially in large-scale productions [18] . Thus, this method of purification is a very attractive system which could be widely used in protein separation and recovery. Chien et al. [19] developed an AMTPS for the purification and recovery of lipase from Burkholderia sp. ST8. The purification factor and yield of the enzyme were 7.2 and 89 %, respectively. Jozala et al. [20] reported the extraction of commercial and biosynthesised nisin by ATMPS using Triton X-114. Mazzola et al. [21] presented the purification of green fluorescent protein (GFP) from clarified Escherichia coli by AMTPS. The specificity and yield of recombinant GFP were significantly improved by the specific bioaffinity interactions with the system. AMTPS using non-ionic polyoxyethylene detergent (pentaethylene-glycol mono n-dodecyl ether) for the direct solubilisation and extraction of membrane-bound cholesterol oxidase from an unclarified culture of Nocardia rhodochrous was optimised by Minuth et al. [22] . A total of 90 % of cholesterol oxidase was extracted into the bottom phase, and after one step of the clarification procedure, a partial purification (up to fivefold) was achieved by AM-TPS. The mechanisms of phase behaviour and protein partitioning in the detergent/polymer (AMTPS) for the purification of integral membrane proteins were investigated by Sivars and Tjerneld [23] . They reported that the addition of an ionic detergent to the system changed the partitioning of the membrane proteins and had a strong effect on hydrophilic proteins, thus enhancing the hydrophilic differences between the two phases. The separation of proteins and viruses using AMTPS was performed by Liu et al. [24] . They concluded that interactions between the proteins and the non-ionic surfactant play an important role in the partitioning behaviour of water-soluble proteins. Santos et al. [25] applied AMTPS, including a non-ionic surfactant and an ionic surfactant, for the extraction and recovery of clavulanic acid from broth fermented by Streptomyces clavuligerus. They reported that the system used shows potential as a new first step for clavulanic acid purification. There is no literature regarding the recovery of serine protease from kesinai leaves using AMTPS. Thus, the main objective of this study is the use of AMTPS for the recovery of protease from the plant source. The phase and partitioning behaviour of serine protease were investigated in different micellar phase systems to optimise the purification conditions. Furthermore, a method of recycling of the surfactant from the purified protease was also studied by introducing a new salt solution into the micellar-rich bottom phase.
Materials and methods

Materials
The kesinai leaves (S. asper) were obtained from several kesinai plants available at Universiti Putra Malaysia (Selangor, Malaysia), Science Park. It should be noted that all chemicals and reagents used were of analytical grade. Triton X-114, Pluronic L31, 61, 81 and 121 azocasein, potassium chloride, sodium phosphate dibasic (Na 2 HPO 4 ), potassium monobasic (NaH 2 PO 4 ), potassium nitrate (KNO 3 ), and potassium sulphate (K 2 SO 4 ) were purchased from Merck. Potassium hydrogen phosphate (KH 2 PO 4 ), potassium thiocyanate (KSCN), potassium chloride (KCl) and bicinchoninic acid were purchased from SigmaAldrich.
Preparation of crude feed stock from kesinai leaves Twenty grams of fresh leaves were washed with doubledistilled water and then blended with 100 mM sodium hydrogen phosphate at pH 7.5 (40 mL) in a Waring commercial blender 32BL79 (Torrington, CT, USA) at a high speed for 4 min. The homogenate was filtered through cheesecloth and the filtrate was centrifuged at 8,000 rpm for 20 min at 4°C to produce crude enzyme.
Preparation of AMTPS for the recovery of protease from kesinai leaves Triton X-114, Pluronic L31, 61, 81 and 121 were prepared as 50 % (w/w) stock solutions and were heated in a water bath at a temperature of ±3°C. The solutions were continuously stirred to maintain thermal and chemical equilibrium. A stock solution of 40 % (w/w) dipotassium hydrogen phosphate (K 2 HPO 4 ) and potassium dihydrogen phosphate (KH 2 PO 4 ) was prepared. The appropriate quantity of non-ionic surfactants and potassium phosphate to constitute the AMTPS was measured according to phase diagrams [19] . For the enzyme partitioning, the pH was adjusted to pH 7.0 ± 0.01 with 0.01 M phosphate buffer. The total weight of each AMTPS was approximately 2 g. The crude enzyme was added at a 50 % (w/w) concentration to generate AMTPS with a total weight of 2 g. The mixture was gently vortexed and incubated in an isothermal water bath to above its cloud-point temperature. The cloud-point temperature of the non-ionic surfactants was considered according to the data presented by Chien et al. [19] . The equilibrated solution was centrifuged (Sartorius Model 3-18k, Sartorius AG, Weender Land Strasse, Gottingen, Germany) at 10,000 rpm for 10 min above the respective cloud-point temperature to achieve phase separation. The volume of the top phase (V T ) and the bottom phase (V B ) was determined and recorded after thermal phase separation. Samples of each phase were analysed for enzyme activity and protein concentration. To reduce the possibility of surfactant interference, system controls were obtained by adding 50 % (w/w) double-distilled water instead of enzyme.
Preparation of purified enzyme for back-extraction procedure
For the back extraction of serine protease into the aqueous phase and removal of the surfactant, serine protease was partitioned into the primary partition step. In the second step, the serine protease-depleted top aqueous phase was removed and replaced by an equal volume of salt solution. The mixture was mixed and two distinct phases were separated by centrifugation at 10,000 rpm for 10 min at room temperature [26] . The selectivity and yield of the protease and surfactant in the two phases were analysed.
Analytical procedure
Proteolytic activity assay
An enzyme sample of 0.1 mL was added to 1 mL of 0.2 % (w/v) azocasein in 100 mM sodium hydrogen phosphate at pH 7.5. The mixture was incubated in a water bath at 60°C for 20 min, thus producing a proteolytic reaction which was stopped by adding 0.5 mL of 30 % trichloroacetic acid (TCA) to the mixture. This was followed by centrifugation at 13,400 rpm for 10 min and the supernatant was obtained. The serine protease activity in the supernatant was measured with a spectrophotometer at 335 nm [27] and the results expressed as a mean of three readings with an estimated error of ±10 %.
Total protein assay
Samples were drawn from each phase and then diluted five times with distilled water, and total protein concentration was determined by the method described by Costa et al. [28] . BSA was used as standard. Results were expressed as a mean of triplicate readings with an estimated error of ±5 %.
Determination of purity and molecular weight of the enzyme by SDS-PAGE SDS-PAGE of the protein was conducted according to Laemmli [29] in an electrophoresis unit (Bio-Rad) using an acrylamide gel consisting of 12 % resolving gel and 4.5 % stacking gel. A 10 % TCA solution was used to concentrate and precipitate the protein samples that had been removed from the top phase. The pellets were resuspended with a sample buffer [100 mM Tris-HCl pH 6.8, 4 % (w/v) SDS, 10 % (v/v) 2-mercaptoethanol, 20 % (v/v) glycerol and bromophenol blue]. The process of electrophoresis was run at 110 V and 36 mA for 60 min. Protein bands were observed using the silver staining method [30] .
Calculation of partition parameters
The partition coefficient (K), which showed the distribution of serine protease, surfactant and protein between the two phases, was defined as the ratio of the equilibrium concentration of solutes in the top phase and the bottom phase, i.e., K = concentration in the top phase/concentration in the bottom phase. In addition, the selectivity (S) of serine protease over the contaminant proteins in AMTPS is given as selectivity = K e /K p , where e and p are the partition coefficients of the serine protease and total proteins, respectively. The purification factor of serine protease was calculated using the following equation: P FB = (E B / P B ) 9 (P C /E C ), where E B and E C are the concentrations of serine protease in the bottom phase and in the crude feedstock, respectively; and P B and P C are the total protein concentration in the bottom phase and in the crude feedstock, respectively. The yield of the serine protease in the bottom phase was calculated using the following equation: Y B (%) = 100/1 ? (1/V R ÁK e ) [31] .
Statistical design and analysis
The experiment was carried out in completely randomised design of experiments with three replicates. Data were analysed using analysis of variance and least significant difference tests to determine the significant differences between the samples. Significant differences between mean values were measured by Tukey-Kramer test at p \ 0.05. The experimental data were reported as the mean ± SD of independent trials. All the experiments were performed in triplicate and average values were reported.
Results and discussion
Screening of AMTPS-forming surfactants for the primary recovery of serine protease A concentration range of 5-30 % (w/w) surfactant was selected for the determination of the partition coefficient (K e ) of serine protease. Serine protease, due to hydrophobic affinity, is expected to partition to the bottom micelle-rich phase [32] . This phenomenon is likely due to the hydrophobic interaction of the serine protease with the hydrophobic lid of the micelle core [33] . A decrease in the partition coefficient (K e ) value indicated that serine protease tended to move to the bottom phase. Based on the results shown in Table 1 , serine protease preferentially partitioned into the top phase when the concentration of Pluronic L31 was increased. In the case of Pluronic L81, serine protease showed similar partition behaviour at different L81 concentrations. Serine protease partitioned between the two phases of the AMTPSs, which were formed by different concentrations of Pluronic L121; therefore, enzyme recovery was not achieved in this condition. The desired partition coefficient to the bottom micellar phase with total protease activity of 987 U of and yield of 76.2 % was obtained in the AMTPS containing 25 % (w/w) of Pluronic L61 (K e = 0.038). Therefore, a wide range of Pluronic L61 concentrations was tested to optimise the partition efficiency of the enzyme in the system. Chein et al. [19] found that the desired recovery of lipase from Burkholderia sp. ST8 to the micellar bottom phase was achieved in AMTPS with 24 % (w/w) Pluronic L81. They concluded that the partitioning of the lipase into the bottom phase by Pluronic L81 was due to the hydrophobic interactions of the micelle core with the hydrophobic lid of the lipase surface in the presence of the surfactant.
Effect of the Pluronic L61 concentration on the primary recovery of serine protease Based on the screening results, the effect of Pluronic 61 at different concentrations (23-35 %) on the recovery of serine protease was investigated. As shown in Table 2 , the concentration of surfactant shows a significant effect (p \ 0.05) on the partitioning of serine protease into the bottom micellar-rich phase. The results indicated that the partitioning of serine protease into the bottom micellar phase (K e ) increased with an increasing concentration of Pluronic L61. However, increased Pluronic 61 concentrations lead to a decreased volume ratio and K p . This finding confirmed that increasing the volume of the bottom phase was responsible for the partitioning of the majority of the serine protease into the bottom phase. Therefore, more serine protease can be transferred to the bottom phase with larger volume. The maximum recovery (83.1 %) and total protease activity (1,235 U) in this step were obtained in the AMTPS containing 31 % (w/w) of Pluronic L61 with selectivity of 0.043. Similar behaviour was reported by Lianhong et al. [34] who were working on the purification of bromelain from pineapple and reported that by increasing the surfactant concentration, the number of reverse micelles was increased, which in turn enhanced the recovery efficiency. Therefore, the purification factor and yield of bromelain from pineapple were significantly increased by increasing the surfactant concentration in the system.
Effect of the salt addition on the primary recovery of serine protease
The effect of the salt addition at 1.0 % (w/w) concentration on the serine protease partitioning in AMTPS was evaluated experimentally. In general, the increased salt in the AMTPS affects the partitioning of protein by changing the electrical potential which increases the hydrophobic interaction between the two phases [35] . Ions are partitioned into the hydrophobic micellar phase or the hydrophilic aqueous phase due to the hydrophobicity of the ions. Ions with a greater magnitude of hydrophobicity will partition into the micellar phase. In addition, salt improves the solubilisation of the proteins into the hydrophobic micellar phase due to the dehydration of protein molecules by the removal of the polar shell water molecules [36] . The results of K e , presented in Table 3 , show that the addition of KH 2 PO 4 , KCl and KNO 3 in the AMTPS resulted in a lower K e than the control (without salt) AMTPS. The system containing KNO 3 showed the lowest K e and highest K P (i.e., high specific activity of serine protease) in the bottom phase. In a study conducted by Brasher et al. [37] on the phase behaviour of aqueous cetyltrimethylammonium bromide and sodium octyl sulphate mixtures, the phase behaviour of the surfactant mixture changed significantly when sodium bromide was added to the system. They reported that the addition of a third component (e.g., salt) to a surfactant-water solution results in the modification of the intramicellar interaction between target molecules and surfactant components. The preference of ions for partitioning into the hydrophobic surfactant-rich phase and the hydrophilic aqueous phase is dependent on the hydrophobicity of the ions whereby ions with a greater amount of hydrophobicity will partition into the micellar-rich bottom and reverse [38] . The hydrophobicity of the salts employed in the study increased in the order of the Hoffmeister series:
Thus, the specific interaction of salt with the net charge of proteins could affect the protein-partitioning behaviour [38, 39] . Proteins with different isoelectric points (pI) can be partitioned via the salting out effect at different pH values and at various salt concentrations. The salting out effect by salt addition to the system at the desirable pH of the target enzyme affects the partitioning of the target enzyme to the bottom or top phase. The optimum condition for enzyme purification was at pH 7. Thus, the salting out effect of KSCN at the desirable pH of serine protease (pH 7) caused most of the enzyme to be transferred into the top aqueous phase and the other proteins in the solution, which were contaminants or unwanted proteins, precipitate or are retained in the bottom micellar-rich phase. Therefore, for the AMTPS with KSCN, partitioning of the serine protease was mostly in the top phase, whereas most of the proteins were retained in the bottom phase.
This finding indicated that in the presence of KSCN, there are high partitioning selectivity of the system and The sample size for all experiments was three. Mean value followed by different letters differs significantly (p \ 0.05) high specific serine protease activity in the top phase. This result confirmed that the addition of KSCN to the AMTPS will promote the partitioning of serine protease to the aqueous top phase. It should be noted that SCN -, which is a chaotropic ion with high hydrophobicity, will partition more strongly to the hydrophobic micellar bottom phase. Negatively charged proteins will be excluded from micellar phase due to the electrostatic repulsion of SCN -ion [40] . Therefore, an increase in SCN -ions will impair the hydrophobicity effect of the micellar phase by increasing the solubility of micelles, due to hydrogen bonding through the EO linkages [41] . This result offers potential for the back extraction of serine protease to a new aqueous phase after the primary recovery step. The effect of KNO 3 on serine protease partitioning was investigated by using various concentrations of KNO 3 . The results are presented in Fig. 1 . The selectivity of serine protease at a KNO 3 concentration of greater than 0.8 % (w/w) significantly (p \ 0.05) increased, showing that serine protease was partitioned into the top aqueous phase. The best partitioning of serine protease to the bottom phase was achieved with 0.3 % KNO 3 and resulted in a high purification factor (P FB ) of 10.3, total protease activity of 1,068 U, selectivity of 0.022 and yield of 87.4 %.
Back extraction of serine protease into aqueous solution
Based on the results shown in Table 3 , the addition of KSCN to the system caused the partitioning of serine protease into the top aqueous phase. In the study, back extraction of serine protease from the viscous bottom micellar-rich phase was conducted by adding KSCN to the AMTPS. The high viscosity of the surfactant in AMTPS makes it difficult to remove from the target enzyme and interferes with the handling of serine protease [19] . As illustrated, based on the results of the partitioning of the behaviour of back extraction of serine protease (Fig. 2) , most of the surfactant was concentrated and shifted into the top phase when the aqueous solution in the system was replaced with a KSCN solution. Phase inversion with the addition of salt is due to the high ionic strength of KSCN and the high density of aqueous phase, which caused the lighter micellar phase to rise to the top. Hemavathi et al. [42] investigated the back extraction of b-glucosidase with different concentrations of KCl (0.1-1.0 M) and reported that the back-extraction efficiency was markedly enhanced by increasing the salt concentration. They also reported that this phenomenon is due to increased salt concentration, which decreased the reverse micelle sizes, allowing proteins to be easily expelled from the micelles. As a result, the recovery of the system increased. In our study, 1.5 M KSCN solution and a 1:1 mass ratio of bottom phase to KSCN buffer provided the best conditions for back extraction of serine protease into the new aqueous phase. The high partition coefficient of the enzyme (K e = 0.42), total protease activity (1,083 U) and the yield of the bottom phase (Y B = 92 %) indicated a strong exclusion of serine protease to the top micellar-rich phase. This exclusion would be significantly affected by the excluded volume.
SDS-PAGE analysis of the purified serine protease
The optimum recovery of serine protease was obtained in an AMTPS consisting of 31 % (w/w) Pluronic L61, 0.3 % (w/w) KNO3 and 50 % (w/w) crude feedstock at pH 7.0. The purity of the serine protease after recovery in AMTPS was evaluated using 12.5 % SDS-PAGE. As shown in Fig. 3 , lane 1 was identified as the crude feedstock with lots of several intense bands representing high impurities present in the feedstock. Lane 2 contained the sample from the top aqueous phase, which shows fewer and fainter bands than the crude feedstock indicating that the amount of impurities was decreased. Although lane 3 which loaded from the bottom micellar-rich phase detected a band with a molecular weight of 75.8 kDa, the contaminated proteins in the lane confirmed that the enzyme was not completely purified in the step of recovery procedure. However, the sample from the aqueous bottom phase after the backextraction system loaded in lane 4 had a single dark band with a molecular weight of 75.8 kDa, which confirmed that the transfer of serine protease from the primary micellar phase to the new salt solution without loss of serine protease during the process was successful.
Conclusion
In the present study, serine protease was recovered from kesinai leaves using AMTPS. Different non-ionic surfactants were screened and serine protease was found to strongly partition into the bottom micellar phase in the presence of Pluronic L61 by the inclusion of the hydrophobic serine protease in the surfactant micelles. Increased surfactant concentrations ([30 %, w/w) led to increased target enzyme partitioning into the bottom phase, which demonstrated that as the volume of the bottom phase was increased, the target enzyme moved to the bottom micellarrich phase. The lower K e in the presence of 0.3 % (w/w) KNO 3 indicated that the salt in the system can influence the electrically loaded molecule partitioning as a result of improved partitioning of the target enzyme into the bottom surfactant-rich phase. Higher concentrations of salt showed negative effects on enzyme partitioning, which confirmed that high salt concentrations elevate the cloud-points of the non-ionic surfactant solutions due to the salting out effect. Serine protease was partitioned into a new aqueous solution by adding 1.5 M KSCN to the micellar bottom phase. In this back-extraction procedure, 85 % of the surfactant was recycled to the small volume of the top aqueous phase. The high protein back transfer at low ionic strength is interesting because a low ionic strength aqueous phase is useful for protecting the protein and for the recovery of enzyme activity. In addition, 50 % (w/w) of the unclarified feedstock was recovered by the micellar two-phase method providing that the system can process a high load of crude feedstock. Therefore, the AMTPS is one of the efficient methods compared to the conventional aqueous two-phase system for the recovery of the valuable enzyme because an inexpensive surfactant is used for the phase formation, it has a large loading capacity, and there is a great potential for a linear scale-up.
